Abstract The effects of ruthenium red (RR) on electrical and mechanical responses, and on Ca fluxes at rest and during potassium contracture (K contracture) in frog skeletal muscle were examined. By the treatment of single fibers with RR, the peak tensions of twitch and K contracture were inhibited, the degree of inhibition being dependent on the concentration of RR and on the duration of pretreatment. The inhibitory effect of RR on K contracture was pronounced at lower concentrations of K. The recovery of twitch tension from complete inhibition was observed several minutes after removal of RR by washing the fiber in normal Ringer solution, and was accelerated by brief exposure to 190 mM K solution. Caffeine contracture was not affected by RR. Moreover, resting and action potentials were not changed by RR except for an enhancement of a negative afterpotential. From these results, it is concluded that RR blocks excitation-contraction coupling (E-C coupling) in frog skeletal muscle. In addition, Ca influx, especially early rapid Ca influx, was markedly inhibited by RR, although the amount of selfexchangeable Ca was not significantly decreased. On the basis of these results, the sites and mechanism of RR action were discussed.
muscle.
In the present paper, we investigated the effects of RR on the E-C coupling process, on the Ca influx during K contracture and on the membrane-bound Ca in frog skeletal muscle. nearly equal to that of OOTA et al. (1976) . By treatment with 10 mM RR for 30 min, the amount of self-exchangeable Ca decreased by only 10%, but the amount of residual Ca decreased by about 30%. Therefore, the amount of Ca loss by RR was greater in the residual Ca fraction than in the self-exchangeable Ca fraction. Amounts of self-exchangeable Ca and residual Ca was calculated from the desaturation curve. Self-exchangeable Ca was determined according to the equation of BIANCHI and SHANES (1960) and residual Ca was determined by residual Ca in muscle after 180 min of washing.
MATERIALS AND METHODS

Single
DISCUSSION
In the present study, RR inhibited twitch and K contracture tensions (Figs. 1-3), while it did not inhibit caffeine contracture tension (Fig. 4) . Resting and action potentials were not significantly affected by RR, except for an enhancement of the negative afterpotential ( Fig. 5 and Table 1 ). These results indicate that the inhibition of mechanical responses by RR is not merely due to a change in membrane potentials and also to a change of contractile element itself. Therefore, it is concluded that RR acts on the E-C coupling process in frog skeletal muscle to inhibit mechanical responses.
Twitch tension and K contracture tension were inhibited slowly after the application of RR, and the degree of inhibition was increased with the increasing duration of pretreatment with RR ( Figs. 1 and 3) . The onset and time course of inhibition were dependent on the concentrations of RR and of K-induced contracture (Figs. 2 and 3) . Recovery of twitch tension from complete inhibition by RR started slowly after washing the fibers with normal Ringer solution (Fig.  1A, B) and was accelerated by the depolarization of muscle membrane induced by high concentrations of K (Fig. 1C) . From these results, the possibility that RR penetrates into the muscle fiber slowly and inhibits the release of activated Ca from the SR might be considered. However, in recent electron microscopic observations, it was reported that RR binds to the cell surface membrane and does not penetrate into the cell in rabbit heart muscle (FRANK et al., 1977) or in guinea pig taenia coli (KAWAMURA and YABU, 1978) , and that only when muscle fiber is immersed overnight in about 1 mM RR solution, does the drug penetrate into the SR of frog semitendinosus muscle (HOWELL , 1974) . Taking these reports into consideration, it could be assumed that RR does not penetrate into the fiber under our experimental conditions, in which a single fiber was treated with 1 mm RR within 30 min. Therefore, the above-mentioned possibility can be excluded. In this view, the inhibition of mechanical responses by RR may be explained by assuming that RR slowly binds to the surface membrane to inhibit the inward movement of Ca, thus blocking E-C coupling. In our results, RR inhibited Ca influx, especially early rapid Ca influx (Table 2) . OOTA and NAGAI (1976) suggested that early rapid Ca influx occurs through the T-tubular membrane and the Ca that enters into the fiber acts mainly as a trigger for the release of activated Ca from the SR, because of the marked decrease in the early rapid Ca influx during K depolarization in T-disrupted muscle. In addition, according to EISENBERG and GAGE (1969) and GAGE and EISENBERG (1969) , the negative afterpotential is attributed to K ions accumulating in the T-tubular system in frog skeletal muscle fiber. Therefore, from the above results (Table 2) and results showing that the amplitude of the negative afterpotential was increased in the presence of RR without changing the action potential spike height ( Fig. 5 and Table 1 ), it is concluded that a site of RR action is in the T-tubular membrane.
As mentioned above, RR considerably decreased the amount of residual Ca (Table 3) , but did not significantly decrease the amount of self-exchangeable Ca. These results seem to support the consideration that the source for the Ca influx occurring during K contracture is not self-exchangeable Ca (LORKovIC, 1967) . However, OOTA and NAGAI (1976) indicated that Mn releases self-exchangeable Ca and inhibits Ca influx during K contracture in the frog sartorius muscle. A similar result was reported on La-treated muscle (WEISS, 1970) . Thus, the possibility cannot be excluded that the source for Ca influx is self-exchangeable Ca. Therefore, it may be considered that the inhibition of Ca influx by RR during K contracture is not only due to a decrease in self-exchangeable Ca by RR treatment, but due to inhibition by RR of some process through which Ca from the selfexchangeable Ca fraction moves into the fiber. A similar mechanism has been suggested for the action of dantrolene (TAKAUJI et al., 1977) . Moreover, on the basis of the above-mentioned effect of Mn on the inward movement of Ca during mechanical activity, OOTA and NAGAI (1976) have reported the view that external Ca is necessary for the contraction mechanism, in contrast to that the report by ARMSTRONG et al. (1972) . However, this discrepancy may be explained by the finding that under similar conditions as those set by ARMSTRONG et al. (1972) a sufficient amount of bound Ca still remained in the fiber surface membranes including the T-tubular membrane (OOTA et al., 1976) .
In summary, it is suggested that RR binds to muscle fiber surface membranes including the T-tubular membrane, and as a result it inhibits Ca influx, especially early rapid Ca influx during K contracture, without decreasing the self-exchangeable Ca fraction of muscle-bound Ca. Thus, E-C uncoupling in frog skeletal muscle treated with RR may be explained by the inhibition of Ca influx due to suppression by RR of the inward movement of Ca from the self-exchangeable Ca fraction. 
